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1. SCOPE 

This engineering r e p o r t ,  which c o n s t i t u t e s  a p a r t  of the scope of work defined 
by Nat ional  Aeronautics a d  Space A h i d s t r a t i o n  Contract No. "8-5232, is 
intended t o  s a t i s f y  t h e  requirements of t h e  second paragraph of A r t k l e  1x1 of 
the Contract. The r e p o r t  covers the modif icat ion of a Dead Weight Pressure 
Balance (Schuler Balance), t o  achieve an extended range of 5,000 PSIG, system 
test r e s u l t s ,  and a general  discussion of the system test r e s u l t s  and performance. 
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2 .  SYSTEM CONFIGURATION AND OPERATION (1,200 PSI UNIT) 

The extended range dead weight pressure balance u t i l i z e s  the bas ic  p r inc ip l e  
of the  1,200 PSI "Schuler Balance" with the  except ion of two modifications:  
namely, t he  add i t ion  of a back-pressure regula tor  and a three-way valve.  
Consequently, the "Schuler Balance" conf igura t ion  and operat ion w i l l  be b r i e f l y  
out l ined  p r i o r  t o  d iscuss ion  of the extended pressure range u n i t  t o  f a c i l i t a t e  
a comparison of the  similari t ies and d i f fe rences  e x i s t i n g  between the two un i t s .  

2 . 2  SYSTEM CONFIGURATION 

The Balance (No. 426745) furnished by the  Contracting Agency u t i l i z e d  a system 
configurat ion shown by Figure 1. 
a large vers ion  of a pharmaceutical balance. 
bearing aga ins t  the  bottom of a V-groove. A weight platform, capable of supporting 
an  ex te rna l  weight o r  mass, is attached t o  the beam on one s i d e  of the  main 
fulcrum. 
of the  weight platform..  One end of t he  p i s ton  bears aga ins t  the beam and the 
other  end i s  vented i n t o  a small cavi ty  o r  pressure dome. 
such a s  an  ex te rna l  weight placed on t h e  platform o r  a pressure appl ied t o  the 
dome of t he  p is ton  are capable of being reac ted  through the  beam. 
beam i n  balance,  t he  two appl ied moments a r e  equal .  
equal the magnitude of the forces  are then equal .  

The bas ic  Balance conf igura t ion  i s  e s s e n t i a l l y  
The fulcrums used are kn i f e  edges 

A r o t a t i n g  p i s ton  is  located on the  end of t h e  beam opposi te  t o  t h a t  

Thus, two fo rces ,  

With the  
I f  the two moment arms a r e  

2 . 3  SYSTEM OPERATION 

The func t ion  of the  Unit i s  t o  convert the i n l e t  a i r  pressure ,  which may be from 
a regulated or non-regulated pressure source,  i n t o  a n  accura te ly  con t ro l l ed  
predetermined a i r  pressure which can be used f o r  c a l i b r a t i o n  and checkout 
purposes. 

The Unit o u t l e t  pressure,  as noted from Figure 1, a l s o  pressur izes  one end of 
the r o t a t i n g  pis ton.  
beam balance. This pressure imparts a force  t o  the  beam through the pis ton.  
The r e l a t ionsh ip  then becomes : 

The other  end of the p i s ton  rests upon one end of the 

Where: P = pressure on p i s ton  (PSI) 

A = e f fec t ive  p is ton  a rea  (square inches) 

11 = moment arm from p i s ton  r eac t ion  point  t o  cen te r  
.or  main fulcrum on balance ( inches)  
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1 2  = Moment arm from cen te r  of weight r eac t ion  poin t  
t o  center  fulcrum on balance (inches) 

W = weight a t  r eac t ion  point  on end of balance 
opposite p i s ton  r eac t ion  point (pounds) 

I n  a pis ton-cyl inder  combination such as used i n  the balance,  t h e  e f f e c t i v e  
area of t h e  combination can be accurately determined by using the mean value 
of the p i s ton  diameter and t h e  cylinder bore. 

1 A = -  .d .  f b.d. 
2 4 * ( p  

Where: p.d. = pis ton  outside diameter (inches) 

b.d.= cylinder bore diameter (inches) 

A = e f fec t ive  area (square inches) 

I f  i n  Expression (1) above, 1 1  i s  made equal  t o  1 2 ,  a s  is e s s e n t i a l l y  t r u e  f o r  
the balance,  the equat ion reduces to :  

( 3  1 P ( "/4) (p.d. t b.d.1 = W 

According t o  t h i s  expression P w i l l  change proport ionately with a change i n  W. 
However, other  f a c t o r s ,  such a s  pressure and temperature,  a f f e c t  the p is ton-  
cy l inder  combination and change the e f f e c t i v e  a rea  by some small  f i n i t e  increment. 
Thus, the r e l a t ionsh ip  of Equation (3) i s  modified t o  

Where: C 1  = pressure co r rec t ion  f ac to r  

C 2  = temperature co r rec t ion  f a c t o r  

Hence, the  force on t h e  pis ton is  d i r e c t l y  proport ional  t o  the product of the 
pressure and e f f e c t i v e  pis ton a rea .  

Since the  force i s  r e l a t ed  t o  pressure,  the beam can be brought i n t o  balance 
by an  equal  moment react ing on the  opposi te  o r  weight platform s i d e  of the beam. 
A weight appl ied t o  the  platform ac t s  as  the balance r e s to r ing  force  and may be 
considered as  tk input  or reference f o r  the balance.  

When a weight i s  f i r s t  applied t o  the platform the  opposite end of the beam 
moves upward and ac tua tes  the "feed" contac ts  which i n  tu rn  energize t h e i r  
respec t ive  solenoid valves through a r e l a y .  I n l e t  a i r  pressure is then a l l  
i n t o  the p is ton  dome and a l s o  flows out  of the Unit o u t l e t  po r t  t o  the u n i t  
undergoing test .  As the  o u t l e t  pressure increases  the force  exerted by the 
p i s ton  on the  beam a l s o  increases  u n t i l  a t  some pressure s t i l l  below the pressure 
required by the reference weight o r  beam equi l ibr ium the  beam contac tor  moves 
off  t he  "coarse" feed contact  and de-energizes the "coarse" feed solenoid valve. 
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The o u t l e t  pressure then rises a t  a much slower r a t e  u n t i l  such t i m e  a s  the  
p i s ton  force  moment r e a c t s  equally with the weight moment thus br inging the beam 
i n t o  balance causing the beam contractor t o  move o f f  the  ' 'fine" feed contac t  and 
de-energize the respec t ive  solenoid valve.  

Outlet  pressure i n  excess of t h a t  required by the reference weight causes the 
r o t a t i n g  p is ton  t o  exe r t  a grea te r  moment on the  beam than exerted by the  
weights causing the  beam t o  move down and s t r i k e  the  "bleed" contacts .  A small 
unbalance ac tua te s  the "fine" bleed solenoid valve while  a l a rge  unbalance actuates 
the  "coarse" bleed valve, The excess o u t l e t  pressure i s  then reduced u n t i l  the 

ed valves i n  t h e i r  

The preceding sec t ion  being somewhat general  i n  na ture ,  does not e labora te  upon 
any of t he  spec ia l  fea tures  of the  various components used i n  the  system. 
Consequently, a d i scuss ion  of the pa r t i cu la r  funct ion f o r  each of the  components 
i s  i n  order t o  more f u l l y  explain the i r  operat ion i n  the system and t o  f a c i l i t a t e  
the comparison between the components noted below and t h e i r  counterpar ts  i n  the  
extended pressure range system. 

2.4.1 INLET PRESSURE REGULATOR 

This regula tor  i s  used i n  a s l i g h t l y  d i f f e r e n t  fashion than the  usual  pressure 
reducing un i t .  
operated "feed" va lves  but a l s o  maintains a constant  pressure d i f f e r e n t i a l  across  
the  "feed" valves i r r e spec t ive  of the pressure downstream of the solenoid "feed" 
valves  o r  of the regula tor  i n l e t  pressure.  A schematic of the r egu la to r  i s  
shown i n  Figure 2 which i s  a l s o  represented a s  a s implif ied vers ion of the  "feed" 
and "bleed" sec t ion  of t he  Balance system. 

It no t  only reduces the  in le t  pressure t o  the solenoid 

The regula tor  poppet i s  actuated to the  open pos i t i on  by spr ing one which 
over r ides  spr ing two thus allowing the  operat ing media such a s  compressed 
ni t rogen t o  flow through the regulator  t o  the solenoid "feed" valve.  
solenoid valves ac tua ted  to  the open pos i t i on  flow continues through the  regula tor  
and valves  t o  ambient pressure o r  atmosphere. 
pressure (P2 and P ) t o  increase  in  value.  

i n l e t  pressure (9). Closure of  the "feed" valve with pressure P ) a t  a pressure  
below (P,) now e f f e c t i v e l y  i s o l a t e s  pressure  (P3) from the  upstream pressure 
and transforms i t  i n t o  a constant force,  which, when cmbined with spr ing  otl'e 
continues t o  hold t h e  regula tor  poppet open, 
u n t i l  such t ime as i t s  r eac t ion  aga ins t  t h e  r egu la to r  p i s t o n  ~ 1 c  diaphrap i s  
equal  t o  t h a t  of t he  combined reac t ion  of (P3) and sp r ing  one on the  opposi te  
s ide  of the  p is ton .  
system. A t  t h i s  ti 

With the  

Closing the  "bleed" valve allows 
As long a s  the "feed" valve remains 3 i 

I open t h i s  Pressure (p2 and P3) w i l l  continue t o  increase  u n t i l  e u a l  t o  the  
9 3  

Pressure (P2) continues t o  increase 

The regulator  then c loses  preventing f u r t h e r  flow i n t o  the  
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so a s  not t o  be a l imi t ing  f ac to r ,  the d i f f e r e n t i a l  pressure (P, - P ) can be 
maintained across  the  "feed" valve in  e i t h e r  i t s  closed o r  open posizion over the  
e n t i r e  operating range of the Blance. The regula tor  used i n  the  Balance incor-  
pora tes  a pressure r e l i e f  provision fo r  the  pressure sec t ion  denoted by (P,) a s  
shown i n  Figure 2. 
o r  a change i n  thermal conditions which r e s u l t  i n  a f u r t h e r  increase i n  pressure 
(Pz) causes the  regula tor  p i s ton  tomove, opens the  r e l i e f  poppet, vents  the  
excess pressure,  and r e tu rns  the  pressure t o  the  normal value. 

Any leakage across the  regula tor  poppet a f t e r  c losure  

This d i f f e r e n t i a l  pressure,  if maintained a t  a r e l a t i v e l y  l o w  value, decreases 
solenoid valve ac tua t ton  t ime ,  prolongs the l i f e  of t he  poppet sealing sur face  
(trapped volume is  l e a s  c r i t i c a l ) ,  and f a c i l i t a t e s  control  of f law t h e  t he  
valve.  
i n  the  valve having to  operate a t  both high and low d i f f e r e n t i a l  pressures .  High 
d i f f e r e n t i a l  pressures  a r e  detrimental  t o  accurate  flow control ,  a s  t he  ac tua t ion  
t i m e  f o r  t he  solenoid valve i s  increased considerably,  and the  flow r a t e  through 
the  valve i s  high. 

Lack of th i s  fixed d i f f e r e n t i a l  pressure across  the solenoid valve reaults 

The schematic of Figure 2 dep ic t s  a balanced poppet regula tor ,  however, an un- 
balanced poppet regula tor  could also be u t i l i z e d .  With the  unbalanced poppet, 
the  minimum d i f f e r e n t i a l  pressure (pz - P ) t h a t  can be maintained ac ross  the  
"feed" valve i s  determined by the  spring 2oad of spr ing one required t o  open the  
regula tor  poppet aga ins t  t he  l a rges t  d i f f e r e n t i a l  pressure (P 
across  the  poppet. 
minimum d i s c r e t e  increment above pressure (P ).  
equation is :  

- P ) occurring 
I n  p rac t i ce  the i n l e t  pressure (P ) must he mafntained a 1 The unbalanced poppet regula tor  3 

(5) 

Where : A = regula tor  p i s ton  o r  diaphragm e f f e c t i v e  area 

A = regula tor  poppet sea l ing  area 

Fsl = spring force  f o r  spr ing one 

Fs2 = spring force  f o r  spring two 

P 

PP 

PI '  5, pg = pressure (PSI) 

Then P becomes: 3 

P3 = Pl(A ) + P2 (A - A ) + Fs2 - Fsl 
A 

P 

I f  the  regula tor  poppet s ea l ing  area (A ) is small with respect t o  the  area of 

the  regula tor  p i s ton  (A ), the regulator  i s  of the  blanced poppet type, and the  

force of s p r i n g  two i s  -11 with respec t  t o  spr ing one, the  equation reduces to :  

PP 

P 

P3 = P2 - F /A 
S I  P (7 ) 

I 



AS (P ) approaches (P,) i n  value,  the d i f f e r e n t i a l  between (P2 and P1) decreases 
and ii! the flow through the regulator  i s  r e l a t i v e l y  small ,  a s  i s  the case when 
only the f i n e  "feed" solenoid valve i s  open, pressure (P  ) w i l l  approach (P ) , i n  
value.  Then equat ion (7) can be modified t o :  

2 1 

Another i n t e r e s t i n g  aspect  of the constant low d i f f e r e n t i a l  pressure across  the  
"feed" valve i s  t h a t  the  pressure r a t i o  (p2/P3) becomes c r i t i c a l  o r  the  flow through 
the  valve is sonic  l imi ted  only i n  the very low pressure ranges. For example: 

P + Pd = P2 and 
3 i (9  1 

(10) Pc = 0.53P2 

Pd = 

Pc = c r i t i c a l  pressure f o r  P where flow r a t e  through 

(P2 - P ) d i f f e r e n t i a l  pressure across  solenoid valve 3 
Where : 

3 solenoid valve is independent of downstream pressure 

I f  f o r  the case when (P,) = (Pc) ,  then 

(11) P3 = 0.53P2 

Subs t i t u t ing  equation (9) i n  (11) y i e l d s :  

(12) P3 = 0.53(P3 + Pd) or  P3 = 1.13 Pd 

Hence, assuming t h a t  a d i f f e r e n t i a l  pressure (P - P ) of 150 PSI i s  t o  be main- 
ta ined across  the solenoid valve,  the lowest pressure (P ) t h a t  can be  a t t a i n e d  
without the  flow through the solenoid valve being sonic jirnited would be approx- 
imately 169 PSIA. 

2 3 

With the f ixed d i f f e r e n t i a l  appearing across  the  "feed" solenoid valve i t  i s  pos- 
s i b l e  t o  determine the general  c h a r a c t e r i s t i c s  of the flow r a t e  through the 
solenoid valve over the pressure range of the Balance by use of the following 
equat ion se lec ted  from "Marks Handbook". 

Where: w = a i r  flow through solenoid valve;  lbs/min. 

C = coe f f i c i en t  of discharge of solenoid valve 

As = flow area i n  solenoid valve (sq. f t . )  

T2 = temperature a t  solenoid valve i n l e t  po r t  (OR) 

2-5 



I f  T 
minor temperature changes would occur), the  equat ion can be modified a s  follows: 

i s  assumed t o  be constant under flow condi t ions ( a t  very low flows only 
2 

(14) w = K1%P3 &P2/p,)283 (P,/P,)0283-l 

Where: K~ = 2.05cAs 

tes that as pressure (P ) increases the r a t i o  of 
s u r e  -P 1 acro  
P ). CZonsi!qaentl 

2unction approaches a 
l inear  r e l a t ionsh ip  i s  noted by Figure 3 where 

the curve  of flow r a t e  versus pressure (P ) i s  shown. 
were taken from Table I. This a l s o  tends t o  v e r i f y  the l i n e a r  c h a r a c t e r i s t i c s  
f o r  the  f i n e  "feed" valve used on the Balance a s  shown by Figure 4. 

Values f o r  t h i s  curve 3 

2.4.3 FEED-BLeED SOUNOID OPERATED VALVES 

The solenoid valves  a r e  used t o  control  the  flow of the  operat ing media i n t o  and 
out  of the surge tank i n  the  Balance. Actdation of the valves is through a 
sensitive r e l a y  which is energized by the  moving contact  on the beam of the 
Balance completing the  c i r c u i t  w i t h  the  respec t ive  f ixed  contac t  on the frame of 
the  Balance. 

The valves a r e  s tandard commercial u n i t s  which have been modified t o  incorporate  
a f ixed  o r i f i c e  and s p e c i a l  welded f i t t i n g s  on the  por t s  t o  f a c i l i t a t e  mounting 
and tube connections. The f ixed  o r i f i c e  of the  "fine" feed and bleed valves is 
e s s e n t i a l l y  a long length of cap i l l a ry  tube. 
flow area and provides the necessary low flow r a t e  through the  valves.  The 
coarse feed and bleed valves u t i l i z e  the  var iab le  o r i f i c e  supplied with the  
valve. 
machining and welding of the valve body required.  
inexpensive in pr i ce  (below $15.00) thus making the modification a t t r a c t i v e .  

2.4.4 PIST€S-CYLIMZR COMBINATION 

This y ie lds  a very small  e f f e c t i v e  

The modifications t o  the basic valve a r e  qui te  extensive with both 
The bas ic  valves  a r e  r a the r  

nder canbination cons is t s  of a r o t a t i n g  p i s ton  housed i n  a cyl inder  
very e f f e c t i v e  device f o r  converting pressure t o  force  and a x i a l  
a minimum of f r i c t i o n  and no sp r ing  force.  As is shown by Figure 
cts as the  reac t ion  load f o r  one s i d e  of the  beam on the  Balance. 

ists of a s tandard commercial piston- 

me i s  supported from the 
i f i e d  as required,  t o  provide a means of mounting the 
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inch y ie ld ing  an e f f e c t i v e  pressure area about 1/16 of a square inch. 
p i s ton  mater ia l  i s  corrosion r e s i s t a n t  s teel  and the cyl inder  ma te r i a l  i s  brass.  
The lower end of t he  p is ton  has been modified t o  incorporate  a gear  and a hous- 
ing o r  s e a t  f o r ' a  l/$-inch-diameter s t ee l  b a l l .  
pivot bearing and bears  d i r e c t l y  against  a hardened p l a t e  located on the  beam of 
the Balance. The gear  on the piston i s  used t o  provide the means of r o t a t i n g  
the p i s ton  t o  reduce f r i c t i o n  during a x i a l  movement. The gear  is connected t o  
an  e l e c t r i c  motor located beneath t h e  base of the Balance, through a small gear 
t r a i n  and a f l e x i b l e  s h a f t .  

The 

The b a l l  a c t s  a s  a modified 

2 .4.5 FEED-BIEED CONTACTS 

The con tac t s  €or actuating the re lays ,  c o n t r o l l i n g  the  solenoid valves  in t he  
system, cons i s t  of a s i n g l e  moving contact  located on the  beam of the  Balance 
and two p a i r s  of semi-fixed contacts located on the  Balance frame a s  shown sche- 
mat ica l ly  by Figure 1. 

The two p a i r s  of semi-fixed contacts s t r add le  the  s ing le  moving contac t  on the 
beam of the Balance. 
s i n g l e  moving con tac t  are the cont ro l l ing  elements or switches i n  the  e lectr ical  
c i r c u i t  for e i t h e r  the "fine" feed o r  bleed solenoid valves i n  the  system. The 
"fine" feed solenoid valve i s  energized when the  moving contact on the beam touches 
the upper contact  and completes the e l e c t r i c a l  c i r c u i t  t o  t h e  respec t ive  valve. 
The "fine" bleed solenoid valve is energized when the lower contac t  is touched by 
the con tac t  on the beam, The dis tance t h a t  t he  cen te r  m o v i n g  contac t  mwt travel 
t o  a l t e r n a t e l y  ene rg ize  the  "fine" feed and bleed valves  i s  denoted a s  the "dead 
band" of t h e  Balance pressure regulat ing system. An adjustment is provided on 
each se t  of contac ts  adjacent  t o  the cen te r  moving contact  t o  vary the  spacing 
or  d i s tance  between the  two contacts .  
tem can be var ied  by t h i s  adjustment thus increas ing  or decreasing the sensiti- 
v i t y  of t h e  Balance. A s  can be noted from the  above, i f  the s e n s i t i v i t y  of the 
Balance is very h igh ,  the  use of the contac ts  does not degrade the  performance 
s ince  the e l e c t r i c a l  c i r c u i t  cont ro l l ing  the valves  can be c losed by the  con- 
t a c t s  j u s t  coming i n  touch with each other .  

The f i r s t  pair  of contac ts  immediately adjacent t o  the  

Consequently, the "dead band" of the  sys- 

The add i t iona l  p a i r  of contac ts  make up the  switching elements f o r  the "coarse" 
feed and bleed solenoid valves.  A pressure devia t ion  i n  excess of that required 
t o  move the  beam contac t  t o  e i t h e r  of the  f i n e  contac ts  causes the beam contac t  
t o  move the  f i n e  con tac t  pin back against  a sp r ing  and allow the p in  to  touch the 
second contac t  and c lose  the  e l e c t r i c a l  c i r c u i t  t o  the respective "coarse" feed o r  
bleed solenoid valve.  
t o  vary t h e  pressure devia t ion  between the ac tua t ion  poin ts  of the  i 'fine" and 

An adjustment is provided on the second p a i r  of contac ts  

coarse" solenoid va lves .  11 

The surge tank i n  t he  system is used as an i n t e g r a t i n g  or  damping device. 
funct ions in the  same manner as a capaci tor  i n  a DC power supply t o  reduce ripple 
i n  the  output .  
smooth uperat ion of the system with the abrupt  s t a r t  and 
of a i r  €1- such as  experienced with an on-off or 'tbang-b 
It a l s o  helps  t o  minimize e f f e c t s  of "trapped volme". 

It 

The damping volume of the tank should be sufficfent 
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3. SYSTEM CONFIGURATION AND OPERATION (5,000 PSI SYSTEM) 

3.1 SYSTEM CONFIGWTION 

The modified or extended pressure range (0 t o  5,000 PSIG) Balance u t i l i z e s  the 
p r inc ip l e  of operation shown schematical ly  by Figure 5. 
paring Pigures 1 and 5, t he  bas ic  system conf igura t ion  f o r  the  two Units is 
i d e n t i c a l  with the except ion t h a t  the extended range Unit incorporates  four  addi- 
t i o n a l  i t e m s .  
across  the  bleed va lves  and a three-way solenoid operated valve used a s  a sequen- 
ing con t ro l  on the dome of the i n l e t  pressure regula tor .  The o ther  two remaining 
pa r t s  a r e  f i l t e r s  which provide contaminate pro tec t ion  f o r  the  operat ing compo- 
nents i n  the  system. 

As can  be noted by com- 

Two of the added components a r e  a back-pressure regula tor  used 

3.2 SYS'IEM OPERATION 

The p r i n c i p l e  of opera t ion  is  iden t i ca l  t o  t h a t  of the  low pressure Balance. The 
refinements t o  the system cons i s t  of the add i t ion  of a three-way solenoid valve 
t o  improve system response time i n  the feed mode and u t i l i z a t i o n  of a back pressure 
regula tor  across  the  bleed valves t o  provide flow c h a r a c t e r i s t i c s  f o r  these valves  
s imi l a r  t o  t h a t  of the feed valves .  

The back-pressure r egu la to r  maintains e s s e n t i a l l y  a constant  pressure d i f f e ren -  
t i a l  across  the bleed valves throughout the  pressure range of the  Balance i n  much 
the  same manner as provided f o r  the feed valves .  This f ixed  d i f f e r e n t i a l  pres- 
sure  , approximately equal  t o  t h a t  maintained across  the feed valves  , es t ab l i shes  
approximately the same flow and operating c h a r a c t e r i s t i c s  f o r  both the "fine" feed 
and bleed solenoid operated valves.  
across  the  bleed valve, ac tua t ion  t i m e  f o r  the bleed valve w i l l  vary over the  
operat ing pressure range, trapped volume becomes a major f a c t o r ,  and valve seat 
l i f e  i s  d r a s t i c a l l y  reduced. Information obtained from various valve supp l i e r s  
ind ica ted  t h a t  the valve poppet s ea t  l i f e  a t  pressures  of 5,000 t o  6,000 PSIG t o  
be approximately 15% of t h a t  a t  pressures of 3,000 PSIG and below. 
fea ture  of the back-pressure regulator  which i s  immediately evident  is the high 
degree of s i l enc ing  produced by the r egu la to r  on the gas exhaust ing from the 
bleed valves t o  t h e  atmosphere. 
from vent ing the high pressure gas d i r e c t l y  t o  the  atmosphere, i s  very high. 

Without t he  f ixed  d i f f e r e n t i a l  pressure 

Another 

Without the  regula t o r ,  the  noise  level r e s u l t i n g  

The three-way so lenoid  operated valve connected t o  the  dome of t he  i n l e t  pressure 
regula tor  provides a t h i r d  mode of operat ion f o r  the  feed system of the Balance 
i n  add i t ion  t o  the "coarse" and "fine" feed modes a l s o  used on the low pree- 
sure  Balance. 
subsequent t o  c losu re  of the "fine end coarse" feed contac ts  when a s u f f i c i e n t  
weight d i f f e r e n t i a l  is  placed on the weight platform. 

A sepa ra t e  switch located on the frame of the  Balance is ac tua ted  

The ac tua t ion  of t h i s  
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switch energizes  the three-way solenoid valve changing the  port ing t o  the  dome 
on the i n l e t  pressure regula tor  from the low pressure s i d e  of the two feed 
solenoid valves t o  the i n l e t  s i d e  of the regula tor .  This e f f e c t i v e l y  d isab les  
the  regula tor  by forc ing  the poppet t o  the f u l l  open pos i t i on  and places  the  
BFlance i n l e t  pressure d i r e c t l y  on the i n l e t  of the  solenoid feed valves.  
sequent ly ,  the  flow through the "coarse" and "fine" feed valves i s  increased t o  a 
maximum, thus r e s u l t i n g  i n  an increase i n  the  response time f o r  the  system by 
seve ra l  orders  of magnitude. 
c reases  the  r eac t ion  on the  beam of t h e  Balance from the  r o t a t i n g  p i s ton  also 
increases  and moves t rn away from the  switch con t ro l l i ng  three-way 
valve when a pre-se t  e d i f f e r e n t i a l  i s  a t ta ined .  With 
ac tua ted ,  the three-way valve is  again de-energieed and the inlet  pressure regu- 
la  t o r  becanes e f fec t ive .  

Con- 

As the pressure downstream of the  feed valves  in-  

switch de- 

3.3 COMPONENT DeSCRIpTION AND FUNCTION I N  SY!XCEM 

3 .3 .1  INLET PRESSURE REGULATOR 

The i n l e t  pressure r egu la to r  used i n  the low pressure Balance had an operat ing 
pressure of 6,000 PSIG. 
extended pressure range Balance a s  i ts  funct ion is  i d e n t i c a l  t o  that i n  the low 
pressure system. 
fac tured  by Marotta Valve Corporation under p a r t  number 223994. 

Consequently the  regula tor  could a l s o  be used i n  the 

This pa r t i cu la r  uni t  i s  a modified model RV44P r egu la to r  manu- 

3.3.2 BACK PRESSURE REGULATOR 

As noted previously,  the  purpose of th i s  add i t iona l  regula tor  i n  the  system i s  
t o  maintain a constant  d i f f e r e n t i a l  pressure across  the  bleed solenoid valves 
i n  much the  same manner a s  provided on the  feed valves.  Inves t iga t ion  of the 
var ious commercial r egu la to r s  avai lable  ind ica ted  a standard u n i t  d id  not  appear 
t o  be ava i lab le .  
could be used as a back pressure regula tor  when modified t o  incorporate  a new 
pis ton  of d i f f e r e n t  configurat ion and a new spr ing  t o  bias  the  regula tor  p i s ton  
opposite t o  t h a t  f o r  the  i n l e t  regulator.  The configurat ion f o r  the  back pres- 
sure  r egu la to r  i s  shown schematically by Figure 6. A bleed valve i s  a l s o  shown 
t o  represent  a s impl i f ied  vers ion of the bleed s e c t i o n  of the system. 

However, it  was noted the  i n l e t  regula tor  was such t h a t  i t  

A comparison of the  regula tor  schematics of Figures 2 and 6 ind ica t e  the  regu- 
l a t o r s  to  be i d e n t i c a l  with the  exception of the  pos i t i on  of spr ings one and th ree .  
Spring one i s  located i n  the  cavi ty  of the i n l e t  regula tor  designated a s  P 
spring three  i s  loca ted  i n  the  pressure cav i ty  designated as P (this i s  tde 
same cav i ty  noted a s  P 
biased t o  the  open pos l t i on  with the r e l i e f  poppet c losed while t h e  back pressure 
regula tor  poppet is biased t o  the  closed pos i t i on  wi th  the  r e l i e f  poppet open. 

while 

i n  the i n l e t  r egu la to r ) .  The i n l e t  r eau la to r  poppet is 

With the feed valve closed-and zero pressure a t  Pg, spr ing  three  forces  the  p i s ton  
away from the  r egu la to r  poppet a s  shown by Figure 6. 
regula tor  poppet t o  cl . With the p i s ton  forced away frm r egu la to r  poppet 
the  relief pappet fa 

Spring two then causes the  

d venting the c a v i t y  designated P4 atraoaphere . 
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Opening the  feed valve and closing the  bleed valve causes pressure (P ) t o  increase  3 u n t i l  such t i m e  a s  the  force of ( P )  on the  regula tor  p i s ton  overr ides  the  force  
of spr ing  three  and causes the pisgon t o  s e a t  on the  r e l i e f  poppet. A s  pressure 
(P,) continues t o  increase  the force on the  p i s ton  exceeds t h a t  of t h e  combined 
forces  of  spr ings two and three  and t h e  regula tor  poppet opens allowing pressure 
i n t o  the cavi ty  designated a s  (P4). Any fu r the r  increase  i n  pressure (P ) sub- 
sequent t o  the opening of the  regulator  poppet causes a corresponding increase  i n  3 

(P4) - 
With pressure a t  (Pg) and the  feed valve closed, the  spr ing and pressure  fo rces  on 
the regula tor  rega in  equi l ibr ium and t h e  regula tor  poppet c loses  thus  i so€a t ing  

1 from the  rest 
(P ) by a fac  

ive area  of t h  

the  system. 
equal to the value of t he  sptfng luad tfi 
ston. 

A t  this t i m e  pressure  (P,) 
4 Thus a d i f f e r e n t i a l  p ressure  is e s t a b l i s  

across  the  bleed valve.  

With t h i s  d i f f e r e n t i a l  pressure across the  bleed valve,  opening the  valve causes 
pressure (P ) t o  increase .  When combined with the  force  of spr ing th ree  t h i s  i n -  
crease i n  pressure causes the  pis ton t o  move, opens the  r e l i e f  poppet and vents  
pressure (P ) t o  atmosphere. I f  the flow through the bleed valve i s  much less 
than t h a t  poss ib le  through the r e l i e f  sec t ion  of the  regula tor ,  a s  i n  the  case of 
the  "fine" bleed valve,  the  pressure d i f f e r e n t i a l  (P - P ) can be maintained 3 4  nearly constant .  I f  the flow capabi l i ty  of t he  valve i s  g rea t e r  than t h a t  of the 
regula tor  r e l i e f  sec t ion ,  t he  regulator  w i l l  be the  governing u n i t  and the  pressure 
d i f f e r e n t i a l  across  the valve w i l l  vary from a maximum a t  no flow t o  a minimum 
during flow. 

4 

4 

The unbalanced poppet back pressure regula tor  equation i s :  

P A  
3 P  

Fs3 + P A + (P3 - P4) 4 P  (App) + Fs2 

= pressure a t  r o t a t i n g  p i s ton  & surge tank (PSIG) 

= pressure downstream of bleed valve (PSIG) 

A = regulator  p i s ton  e f f e c t i v e  a rea  (sq. i n . )  

A = regula tor  poppet s ea l ing  a rea  (sq.  i n . )  

3 Where: P 

p4 

P 

PP 
= spring force  f o r  poppet spr ing two 

= spring force  f o r  regula tor  p i s ton  th ree  

Fs 2 

Fs3 

Then P becomes: 4 

p4 

I f  the r egu la to r  poppet sea l ing  surface (A ) i s  small wi th  respec t  t o  the regu- 

l a t o r  p i s ton  a rea  (Ap ), o r  the  regulator  is  of t he  balanced poppet type, and the  
force of spring two i s  small w i t h  respec t  t o  spr ing  three ,  the equat ion reduces to :  

PP 
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t 
Comparing Equation (18) wi th  (7) indicates  the form of t h e  equation to  be iden- 
t i c a l .  
of the loads of spr ings  one and three,  If t6e two spr ings  a r e  equal then the  d i f -  

Hence, the d i f f e r e n t i a l  pressures  (P? - P4) and (P2 - P ) are a func t ion  1 3 2 
f e r e n t i a l s  across  the  feed and bleed valves will be equal. 9 

It should be noted t h a t  i n  the der iva t ion  of equations (7) and (18), the  r e l i e f  
poppet s e a l i n g  area and the f r i c t i o n  of the  O-ring s e a l  used on t h e  r egu la to r  
p i s ton  was neglected. 
r e l i e f  poppet s e a l i n g  area was e s s e n t i a l l y  “balanced” and very small with respect 
t o  the r egu la to r  p i s t o n  and could be neglected. 
poppet r egu la to r ,  the re sec t ion  is gener y n o t  incorporated. 

I n  the pa r t i cu la r  r egu la to r  used i n  the Balance t h e  

Also i n  the true unbalanced 

s f r i c t i o n  bee 
load f o r  the spring. 
three where a l a w  d i f f e r e n t i a l  pressure of about 30 PSI was i n i t i a l l y  e s t ab l i shed  
i n  order t o  minimize both trapped volume and pressure drop across  the bleed 
valves. 
which pressure it f a i l e d  t o  vent. 
an approximate d i f f e r e n t i a l  of 70 PSI was a t t a i n e d  solved the  problem. 
quently,  a t  low d i f f e r e n t i a l  pressures and high operating pressures ,  O-ring 
f r i c t i o n ,  even a t  very  small p is ton  travels, should e n t e r  i n t o  the regu la to r  
equation. 

lhis was p a r t i c u l a r l y  not iceable  i 

me back pressure regula tor  functioned properly t o  about 2200 PSIG a t  

Conse- 
Progressively increas ing  the  sp r ing  load u n t i l  

The leakage c h a r a c t e r i s t i c s  of t he  back pressure r egu la to r  a r e  of much g r e a t e r  
s ign i f i cance  than those  of t he  i n l e t  p ressure .  A -11 leakage pa th  acroaa t h e  
poppet on t h e  i n l e t  regula tor  is compensated by a p a r t i a l  opening of the r e l i e f  
valve thus maintaining pressure (P2). A leak i n  the  relief s e c t i o n  of the inlet 
r egu la to r  i s  readjus ted  by opening of t h e  poppet. This condi t ion  is not true of 
the back pressure r egu la to r  i n  that i t  i s  e s s e n t i a l l y  i n  p a r a l l e l  w i th  the bleed 
valves . 
Consequently, extremely low leakage c h a r a c t e r i s t i c s  a r e  mnda to ry  f o r  the back 
pressure regula tor .  

As noted previously,  a Marotta Valve Corporation 223994 r egu la to r  was modified 
t o  func t ion  a s  t h e  back pressure regulator .  
an a l t e r n a t e  Marotta 213453 regulator could be modified and used a s  the  back pres- 
sure regula tor .  This a l t e r n a t e  i s  less expensive from both a u n i t  and modifica- 
t i o n  c o s t  s tandpoin t  . 

Additional i nves t iga t ion  ind ica ted  

3.3.3 FEED-BIEED VALVES 

The valves w e d  i n  the low pressure Balance were r a t e d  a t  3,000 PSIG body working 
pressure and approximately 250 PSI d i f f e r e n t i a l  pressure across  the poppet seat. 
These valves could not  be used i n  the extended range Balance and were r ep laced .  
by valves r a t ed  a t  6,000 PSIG operating pressure.  

Standard 6,W PSIG va 
d id  not appaar r e a d i l y  
however, de l ive ry  time,  COB^, or t 
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a t t r a c t i v e .  Also, modifying a high pressure valve t o  incorporate i n t e g r a l  meter- 
ing d i d  not  appear too a t t r a c t i v e  due t o  the somewhat complex type of modifica- 
t i o n  required and the  r i s k  of damage t o  a r e l a t i v e l y  expensive u n i t  during modi- 
f i c a t i o n ,  Consequently, with the  low d i f f e r e n t i a l  pressure maintained across  
the  valves, it appeared t h a t  an ex terna l  va r i ab le  o r i f i c e  could be used on a 
s tandard high pressure valve i f  the  va r i ab le  o r i f i c e  was located c lose  t o  the  
valve poppet s ea t .  The valve and its external o r i f i c e  i s  shown by Figure 7. 
can be noted the volume between the  valve poppet s e a t  and the  va r i ab le  o r i f i c e  
i s  not  as small a s  could be obtained with i n t e g r a l  metering. However, t h i s  
volume d id  not appear to  a f f e c t  system performance t o  any g r e a t  extent. The 
incorpora t fice allows t h e  use of a standard PI d 
va lve v i  th 

A s  

3 . 3 . 4  P I S r n - C Y L r n R  i 2 0 m r n T I O N  

The pis ton-cyl inder  combination on the low-pressure Balance u t i l i z e d  a p is ton  with 
an approximate e f f e c t i v e  area of 1/16 square inch. 
weights t o t a l i n g  about 312 pounds t o  achieve 5,000 PSIG pressure.  
high pressure Balance incorporated a new pis ton  cyl inder  combination of about 1/80 
square inch  which requi res  about 62.5 pounds on the  weight platform to  achieve 
5,000 PSIG pressure.  
be the  same. 

This a rea  would requi re  
Therefore, the  

Consequently, the  weight loading f o r  the  two systems would 

The conf igura t ion  f o r  the mounting of t he  new pis ton-cyl inder  assembly is s imi l a r  
i n  nature  t o  tha t  used on the  low pressure system. The dome f o r  the  low pressure 
system was replaced with a new dome s u i t a b l e  f o r  5,000 PSIG pressure.  A Manning, 
Maxwell, and Moore, Inc.  U l O O O A  pis ton was modified a s  required f o r  mounting t o  
the pressure dome and t o  incorporate the r o t a t i o n a l  dr ive  provision. 

The gear  on the r o t a t i n g  pis ton is connected t o  a small  e l e c t r i c  motor located 
adjacent  t o  the pressure dome through a sho r t  gear t r a i n  and an O - r i n g  drive.  
This type of i n s t a l l a t i o n  replaced the large motor located beneath the  frame 
of the  Balance thus providing space f o r  the four  added components i n  the system. 
Placing the  motor adjacent  t o  the pressure dome reduced the  motor power require-  
ments by el iminat ing the f l e x i b l e  shaf t ing.  
s ize-was then possible .  The motor used i n  the  high pressure Balance was a Globe 
Indus t r i e s ,  Inc. 75A120-1 Induction Motor. 

It was noted during the evaluat ion of the low pressure Balance t h a t  the  1/8 - inch 
diameter steel b a l l  a f f ixed  t o  the  end of the  p i s ton  was indenting the hardened 
p l a t e  on the  beam of the  Balance. A subsequent stress ana lys is  ind ica ted  point  
contact  stresses w e l l  i n  excess of the  mater ia l  c a p a b i l i t i e s  thus confirming the  
b r inne l l i ng  on the  p la te .  
ca t ion  the  b a l l  would se i ze  o r  adhere t o  the hardened p l a t e  a t  loads of about 
35 pounds and above. 
If an extension of the  pressure range f o r  the  high pressure Balance were t o  be 
contemplated, t h i s  p a r t i c u l a r  area would requi re  modif icat ion t o  prevent permanent 
deformation and damage to the ball. 

A considerable  reduct ion i n  motor 

Any s imi l a r  motor could a l s o  be used. 

I n  addi t ion,  i t  was a l s o  indicated t h a t  wi th  no lub r i -  

This phenomena would cause permanent deformation of the  b a l l .  
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I 3.3.5 FEED-BLEED CONTACTS 

The contac ts  on t h e  l o w  pressure Balance were incorporated d i r e c t l y  i n t o  the  high 
pressure Balance. An addi t iona l  se t  of contac ts  i n  t h e  form of a snap-action 
switch w a s  added t o  the  high pressure Balance t o  provide a t h i r d  mode of operation 
on t h e  feed cycle as previously described. 

I 3.3.6 SURGE TANK 

The surge tanks i n  both the high and l aw p 
t i ons .  The used in the low pressure t 
about 7,000 , hawever, t h e  f l a r ed  t 
considerably as evidenced by deformati 
Consequently, an accwiulator of appro 
female bosses was adapted f o r  use i n  the  system t o  minimize poss ib le  p o r t  damage 
test of t he  Balance. 
approximately 23 in3. 

c- 

ncorporstiag threaded 

Volume f o r  the surge tank i n  the  low pressure  u n i t  w a s  
The volume f o r  t he  high p r e s s u r e  is  about 33 in3. 

I 3.3.7 THREE-WAY VALVE 

This un i t  is  a standard three-way solenoid operated valve r a t e d  f o r  6,000 PSIG 
operat ing pressure.  
c h a r a c t e r i s t i c s  are extremely low and t h e  operat ing vol tage is compatible with 
the  other  valves i n  the  system. 
Corporation 209603 valve i s  used. 

3.3.8 FILTERS 

Any commercial unit  is s a t i s f a c t o r y  f o r  use if t h e  leakage 

For t h i s  p a r t i c u l a r  app l i ca t ion  a Marotta Valve 

Low or  zero leakage across  the  valves and r egu la to r s  i n  the  system i s  one of t he  
c r i t e r i a  f o r  proper operation of the system. Contaminate introduced i n t o  the  
system could e a s i l y  damage t h e  seal ing sur faces  on the  valves  and regula tors .  
Consequently, two 10-micron l i n e  mounted f i l t e r s  were introduced i n t o  t h e  system 
t o  minimize contamination of t he  system. One f i l t e r  i s  mounted on t h e  i n l e t  t o  
the  Balance and the  other i s  mounted i n  t h e  o u t l e t  or  cont ro l led  pressure  l ine .  
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4.1 

4. EVALUATION TEST SZMMARY 

EVALUATION TEST SETUP 

The high pressure Balance was i n s t a l l e d  i n  a test setup similar t o  that shown 
schematically by Figure  8 with t h e  ou t l e t  p o r t  of t h e  Balance connected i n  p a r a l l e l  
t o  a Heise pressure gage and a Rush Model 2400.4 dead weight tester. 
a l l  t e s t s  were conducted using t h i s  t e s t  se tup .  
cons is ted  of a leakage and s t a b i l i t y  t e s t ,  r e s o l u t i o n  tes t ,  and response test. 

I n  general ,  
The t e s t i n g  f o r  t h e  Balance 

4.2 LEAKAGE AND STABILITY TEST 

This phase of the t e s t i n g  consisted mainly of checking t h e  system f o r  leakage and 
s t a b i l i t y  under increas ing  pressure conditions. The switch con t ro l l i ng  t h e  t h i r d  
mode of operation on t h e  feed system was no t  i n s t a l l e d  a t  t h i s  t i m e  i n  order t o  
e s t a b l i s h  t h e  c h a r a c t e r i s t i c s  for  t h e  bas i c  feed-bleed system. A t  t he  conclusion 
of t h e  tests, the system was s t a b l e  across the  pressure  range and leakage had 
been e s s e n t i a l l y  eliminated except for i n t e r m i t t e n t  leakages across  t h e  seats of 
t h e  va lves  and regula tor  poppets. 

Problems encountered during t h i s  phase of t he  test cons is ted  of leakage, back 
pressure regula tor  vent f a i l u r e ,  system o s c i l l a t i o n ,  and r e so lu t ion  i r r e g u l a r i t i e s .  

4.2.1 LEAKAGE 

This was e s s e n t i a l l y  t h e  same problem encountered i n  a l l  high p res su re  systems 
u t i l i z i n g  tubing, f i t t i n g s ,  and valves. Correcting a leakage condition was not 
a s  much of a problem as loca t ing  t h e  leak s ince  the  majority of t h e  tub ing  runs 
and a l l  t he  valves i n  t h e  system a r e  located beneath t h e  frame of t h e  Balance 
from both a safety and packaging standpoint. 
t o  be the main offenders with i r r egu la r  leaks occurring throughout the test .  This 
necess i t a t ed  removing t h e  uni t  from t h e  system, disassembling it ,  and then  
checking t h e  s e a l s  f o r  damage. 
where s e a l  replacement was required.  
taminate introduced i n t o  t h e  system during assembly caused t h e  majority of t h e  
problems. During t h e  l a t t e r  phase of t h e  t e s t i n g ,  seal leakage appeared t o  be 
almost negl ig ib le .  

The va lves  and r egu la to r s  proved 

Only two ins tances  of seal damage were noted 
It appeared that minute particles of con- 

4 . 2 . 2  BACK PRESSURE REGULATOR 

The only major problem occurring w i t h  t h i s  u n i t  was t h a t  of p i s ton  seal f r i c t i o n  
which prevented vent ing  a t  t h e  higher pressures.  
eliminated t h e  problem, however t h i s  requi red  t h e  f a b r i c a t i o n  of new springs.  

Increas ing  the  spr ing  load 



An ex te rna l  spring adjustment would have f a c i l i t a t e d  determining the  co r rec t  spr ing 
load, however t h i s  type of ad jus t  was not pa r t i cu la r ly  f e a s i b l e  on the  uni t .  Con- 
sequently,  disassembly of the u n i t  was required each t i m e  t he  spr ing was changed 
during the  development stage.  

4 . 2 . 3  SYSTEM OSCILLATION 

I n  the  i n i t i a l  phases of the  t e s t i n g  some o s c i l l a t i o n  of t he  beam was evident 
when attempting t o  s t a b i l i z e  a t  a s e t  pressure. 
t r o l l e d  almost e n t i r e l y  by the  adjustment of t h e  "fine" feed or  bleed va r i ab le  
o r i f i c e s  and d id  not  appear t 
C onseq uent l y  , 
value a t  a ve pressure range. 

This o s c i l l a t i o n  could be con- 

function of t he  contact  spr ing load or rate. 
tion c w l d  be i sc reased  t o  a r e l a t i v e l y  l a rge  

4.2 .4  RBSOLVTION 1 - m  

Irregularit ies of reso lu t ion  were evidenced during t h e  i n i t i a l  evaluat ion of t he  
low pressure Balance and would occur subsequent t o  placing the  Balance on i ts  back 
surface a s  generally required t o  gain access t o  the  plumbing contained beneath 
the  frame. When t h e  Balance was again placed i n  the  operating pos i t i on  a zero 
s h i f t  would be noted and the  reso lu t ion  would increase by several  magnitudes. 
This appeared t o  be caused by a l a t e r a l  s h i f t  i n  t he  pos i t i on  of t he  center  kn i fe  
edges i n  t h e i r  grouves. 
t o  be r e s u l t i n g  from t h e  ball on t h e  r o t a t i n g  p ia ton  f a l l i n g  into one of the 
severa l  indentat ions i n  t h e  p la te .  
alignment of t he  kn i f e  edges i n  t h e i r  grooves a small amount of binding appeared 
t o  occur. Several  indentat ions in the plate were i n  evidence and were a t t r i b u t -  
ab le  t o  a s h i f t  i n  t he  d m  pos i t ion  during var ious aseembliea. The pos i t ion  of 
t he  dome i s  determined only by b o l t s ,  consequently, a s h i f t  from assembly t o  
assembly can be rea l ized .  
t he  b a l l  would be found where the  zero and r e so lu t ion  returned t o  the  previous 
values .  

The cause fo r  t h i s  s h i f t  was not apparent but appeared 

I f  t h e  indenta t ion  d id  not allow f o r  proper 

By moving t h e  Balance beam s l i g h t l y  a new pos i t i on  fo r  

4 . 3  RESOLUTION TEST 

Resolution i s  defined as the  smallest change i n  weight on t h e  platform t h a t  w i l l  
produce a measurable change i n  t h e  equilibrium of the  Balance. 

For t h i s  t e s t  t he  o u t l e t  of t h e  Balance w a s  connected d i r e c t l y  t o  t h e  R u s h  dead 
weight tester. 
500, 1,000, 2,000, 3,000, 4,000, and 5,000 PSIG. 

The reso lu t ion  t e s t s  were conducted a t  pressures  of approximtely 

Weights were placed on t h e  R u s h  corresponding t o  the  pressure desired.  
were then added t o  the  platform of the  Balance u n t i l  f l o a t a t i o n  of t h e  Rush 
weights was noted. 
"f loat"  t h e  Ruska a t  the  midpoint of i t s  p is ton  t r a v e l .  
Balance was i n  evidence through the e n t i r e  pressure range. 
t he  
aPPe 
t o  be about 15 minutes. 

Weights 

During these  t e s t s  it was noted t h a t  it w a s  poss ib le  t o  
This r e so lu t ion  of t he  

The r e so lu t ion  of 
Consequently, t he  Balance r e so lu t ion  

S t a b i l i z a t i o n  time for t h e  Ruska appeared 
is given as a nieximum of 5 PPM. 

equal t o  that of t he  Burtbg. l 

i 



The "dead band" f o r  t h e  Balance during t h i s  t e s t  w a s  0.005 inch. Due t o  t h e  
small increments of p r e s s u r e  being considered, t h e r e  was some cycling of t h e  "fine" 
feed and bleed solenoid valves during t h e  test a t  t h e  various pressure s e t t i n g s .  
A t  t he  higher pressure the predominance of feed cycling i s  a t t r i b u t a b l e  t o  leak- 
age i n  t h e  R u s k  and i n  t h e  associated plumbing. 
of cycling a t  the  va r ious  pressures. 

Table 2 i nd ica t e s  t h e  degree 

A second r e so lu t ion  tes t  was conducted f o r  personnel of t he  Contract ing Agency. 
This test  d i f f e r e d  from t h e  previous t e s t  i n  that t h e  Balance w a s  brought i n t o  
equi l ibr ium a t  a given pressure. 
t o  determine the  increment w e i g h t  required t o  d i  
t o  t h e  e x t e n t  tha t  e i t h e r  t h e  "flne" feed or b l e  
The o u t l e t  po r t  of the Balance was  capped i n  l i e u  of being coxmeted t o  
and pressure  gage. 
l ec t ed  and weights y i e l d i n g  this pressur 
When equilibrium w a s  achieved, as indicated by no cyc l ing  of t h e  feed-bleed sole- 
noids, small weights were added u n t i l  t he  feed solenoid was actuated. 
then repeated on t h e  opposite s i d e  of t h e  beam t o  actuate t h e  bleed solenoid and 
achieve an  average va lue  of t h e  weight. 
cause a c t u a t i o n  whereas two (2) grams would cause immediate ac tua t ion .  
y i e l d s  a r e so lu t ion  of: 

Weights were then  added t o  t h e  weight platform 

For t h i s  p a r t i c u l a r  , a p res su re  of 2, 
e added t o  t h e  p€ 

This  w a s  

It w a s  found t h a t  one (1) gramwould not 
This 

(0.002205 # /g ram)  (2 grams) 

(2,000 #/sq.in.) (1/80 sq.in.1 
= 0.0176% or  176 PPM 

This ind ica t e s  a r e s o l u t i o n  several  magnitudes g rea t e r  than previously noted. 
P r io r  t o  t h i s  t e s t  t h e  Balance had been placed on i t s  s i d e  t o  allow viewing of t h e  
plumbing and cont ro l  system. Upon returning t o  t h e  upright pos i t i on ,  operation 
appeared normal, however it  was noted t h a t  when t h e  Balance w a s  reconnected t o  t h e  
Ruska, f l o a t a t i o n  of t h e  R u s h  weights w a s  not poss ib le .  The second r e so lu t ion  
w a s  then conducted. 
alignment t o  some ex ten t .  
q u i t e  s a t i s f a c t o r y  and would y i e l d  a r e so lu t ion  of 0.007% a t  5,000 PSIG i f  no 
add i t iona l  f r i c t i o n  w e r e  induced i n t o  t h e  Balance from t h e  added weights on t h e  
Balance. 

Therefore, it a p p e a r s  t h e  kn i f e  edges w e r e  again out of 
However, even t h i s  magnitude of r e so lu t ion  i s  considered 

4.4 RESPONSE TIME 

The response time f o r  t h e  system i s  defined as the  t i m e  f o r  t h e  system t o  mve 
from one es tab l i shed  condition t o  a new given condition. The response t i m e  i s  
dependent upon t h e  flow c h a r a c t e r i s t i c s  of t h e  feed-bleed va lves  and regula tors .  
This test  w a s  conducted wi th  t h e  Balance i n  a setup shown schematically by Figure 
8 with t h e  exception that only t h e  pressure gage was connected t o  t h e  o u t l e t  or 
cont ro l led  pressure f i t t i n g .  

The test consisted of determining the response t i m e  f o r  t h ree  separate modes of 
operation, namely, "coarse" feed, "coarse" bleed, and "fast" feed. 
is induced by t h e  three-way valve. The response time test f o r  t h e  *'finen feed 
and bleed d e s  was no t  conducted, as t h e  response t i m e  f o r  t h e s e  d e s  is  con- 
sidered a secondary function, with control  considered a s  t h e  primary function. 

The last mode 
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4.4.1 COARSE FEED RESPONSE 

This  test  consis ted of placing a given weight on the  platform of t h e  Balance, 
ac tua t ing  t h e  main toggle  switch of the  Balance, and then observing t h e  time 
span from t h e  ac tua t ion  of the toggle switdh t o  the  ext inguishing of t h e  "coarse" 
feed ind ica to r  lamp on the  f ron t  of t he  Balance. 
t a i n  about a 25 PSI d i f f e r e n t i a l  pressure between t h e  deactuat ion of t h e  "coarse" 
feed solenoid valve and t h e  "fine" feed solenoid valve.  Resul ts  of the  t es t  a r e  
shown on Figure 9. 

The contac ts  were set t o  ob- 

4.4.2 CaABSE BLEED BEsPOfiSX 

ng the Balance t o  stab 
enly remove all of t h e  

Time w a s  recorded a t  var ious pressure increments t o  e s t a b l i s h  t h e  pressure  decay 
curve shown by F igure  9.  

e 

T h i s  is  a t y p i c a l  curve f o r  an  o r i f i ce .  

4.4.3 FAST FEED RESPONSE 

The snap ac t ion  switch f o r  actuat ion of t h e  three-way valve con t ro l l i ng  t h i s  m o d e  
of operat ion w a s  added subsequent t o  conducting t h e  previous tests. 
d i f f i c u l t i e s  prevented the  witnessing of t h i s  test by personnel of t h e  Contract ing 
Agency. 

This test  w a s  conducted i n  the  same manner as f o r  t h e  "coarse" feed response test. 
Since t h e  overshoot could not be defined accura te ly ,  t h e  spread between t h e  
"fine" and "coarse" feed ac tua t ion  points  w a s  increased t o  about 75 PSI i n  l i e u  of 
25 PSI. 
f o r  t h e  system w a s  decreased by nearly a f a c t o r  of four  by the  add i t ion  of t h e  
t h i r d  "feed" mode of operation. 

Plumbing 

The r e s u l t s  are shown on Figure 9.  A s  can be noted, t h e  response time 



5.  SlMMARY 

5.1 GENERAL 

The modif icat ion t o  t h e  Balance indicated a s t a b l e ,  extremely s e n s i t i v e  uni-t w a s  
poss ib le  Over a pressure  'range extending t o  5,000 PSIG. The p r i n c i p l e  of t h e  
bas i c  Balance w a s  ca r r i ed  over i n t o  t h e  extended range u n i t ,  thus  providing a 
r e l a t i v e l y  uncomplicated p iece  of equipment that e x h i b i t s  good r e l i a b i l i t y ,  high 
r e so lu t ion ,  ease of ca l ib ra t ion ,  and good main ta inabi l i ty .  Tests and observa- 
t i o n s  indicated t h a t  f u r t h e r  modifications could be incorporated i n  t h e  following 
areas .  

5.2 CONTACTS 

The semi-fixed contac ts  located on the f r a &  of t h e  Balance proved erratic i n  
operat ion and would cause t h e  Balance t o  "overshoot" occasional ly  i n  t h e  "fine" 
feed o r  bleed mode. This  i s  a t t r i bu ted  t o  t h e  d i s c o n t i n u i t i e s  and warped sur- 
faces  of t h e  contac ts  used i n  t h i s  pa r t i cu la r  Balance. Also, contact  binding 
proved t o  be a considerable  problem. Both of t h e s e  condi t ions appeared t o  be 
caused from wear of t he  contacts  through prolonged usage. The bas i c  concept f o r  
t h e  contac ts  leaves  l i t t l e  t o  be desired and modifications incorporated would 
be t o  improve operation. 
be mounted t o  the body of the  upper p a i r  of contacts  and be actuated by the  
sha f t  on the  "coarse" feed contact.  

The snap-action switch f o r  the three-way valve would 

5.3 INTERCHANGEABLE PRESSURE DOMES 

System s t a b i l i t y  indicated the  p o s s i b i l i t y  of extending t h e  p r e s s u r e  range w e l l  
beyond 5,000 PSIG. One Balance, u t i l i z i n g  severa l  interchangeable pressure  
domes incorporat ing selected p is ton  s i z e s ,  could be used t o  cover a wide range 
of pressures by interchanging domes. P i l o t i n g  of the  dome by means other  than 
b o l t s  would pos i t i on  the  r o t a t i n g  pis ton and minimize va r i a t ions  now poss ib le  
with t h e  e x i s t i n g  design. 

The i n t e r f a c e  between the  b a l l  on the r o t a t i n g  p i s ton  and t h e  hardened p l a t e  on 
t h e  beam of t h e  balance i s  such t ha t  t h e  poin t  contac t  stress on the  b a l l  and 
p l a t e  i s  w e l l  i n  excess of t h a t  allowable, causing b r inne l l i ng  of t h e  hardened 
p l a t e  i n  t h e  form of a s l i g h t  indentat ion.  This  indentat ion,  while lowering 
the  stress, increases  f r i c t i o n  on the b a l l  and r equ i r e s  t h a t  t he  b a l l  seat p r e -  
c i s e l y  t h e  same each t i m e  t h e  dome i s  removed and r e i n s t a l l e d  or t h e  beam on 
t h e  Balance is  moved during handling. 
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5.4 ARC SUPPRESSION 

The solenoid valves i n  the  system are energized by s e n s i t i v e  r e l a y s  which i n  t u r n  
a r e  energized by t h e  contacts on the Balance frame and beam. 
r e l a y s  a r e  inductive loads and as such a r e  capable of providing a very high v o l t -  
age across t h e  r e l a y  contac ts  while t h e  contac ts  are breaking t h e  c i r c u i t .  
a r c  produced by t h i s  "inductive kick" decreases t h e  l i f e  of t h e  contac ts  and adds 
a sho r t  delay i n  breaking t h e  c i r c u i t .  Diodes o r  other s u i t a b l e  elements i n -  
corporated i n t o  t h e  e l e c t r i c a l  c i r c u i t r y  would provide t h e  requi red  degree of 
a r c  suppression. 

The va lves  and 

The 
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